ABSTRACT: An efficient, cost-effective, and earth-abundant catalyst that could drive the production of hydrogen from water without or with little external energy is the ultimate goal toward hydrogen economy. Herein, nanoplates of tungsten oxide and its hydrates (WO 3 ·H 2 O) as promising electrocatalysts for the hydrogen evolution reaction (HER) are reported. The square-shaped and stacked WO 3 ·H 2 O nanoplates are synthesized at room temperature under air in ethanol only, making it as a promising green synthesis strategy. The repeated electrochemical cyclic voltammetry cycles modified the surface of WO 3 ·H 2 O nanoplates to WO 3 as confirmed by Xray photoelectron and Auger spectroscopy, which leads to an improved HER activity. Hydrogen evolution is further achieved from distilled water (pH 5.67) producing 1 mA cm −2 at an overpotential of 15 mV versus the reversible hydrogen electrode. Moreover, WO 3 ·H 2 O and WO 3 nanoplates demonstrate excellent durability in acidic and neutral media, which is highly desirable for practical application. Improved hydrogen evolution by WO 3 (200) when compared to that by Pt(111) is further substantiated by the density functional theory calculations.
■ INTRODUCTION
Rapid depletion of fossil fuels and ever-increasing energy demand prompt the researchers to explore clean, renewable, sustainable, and environmentally friendly energy sources. 1 On that prospect, hydrogen is considered as an efficient, earthabundant, and renewable clean energy carrier that has potential to play a major role. Hydrogen can be produced through electrochemical water splitting with zero emission of CO 2 , which makes the process green and sustainable. 2 Two important half reactions of water splitting are the hydrogen evolution reaction (HER), that is, 2H + (aq) + 2e − → H 2 (g) and the oxygen evolution reaction, that is, 2H 2 O(l) → O 2 (g) + 4H
+ (aq) + 4e − , occurring at the cathode and the anode, respectively. 3 To lower the overpotential of these reactions while increasing their reaction rate, electrocatalysts at the cathode and anode surface play the central role, thus improving the overall efficiency of the water-splitting reaction. Noble metals such as platinum (Pt), palladium (Pd), and ruthenium (Ru) have so far been recognized as effective and efficient HER catalysts with negligible overpotential and excellent kinetics in acidic electrolyte solutions. 4, 5 However, high cost and poor earth-abundance of these noble metals are the major hindrance for their practical utilization. 6, 7 Therefore, it is indispensable to develop noble metal-free HER catalysts which are not only efficient but also earth-abundant, low cost, and stable in the electrolyte which is being used. Several noble metal-free electrocatalysts, particularly Mo-and W-based materials, have been reported recently and have been reckoned to be promising. In particular, chalcogenides such as MoS 2 , 8−12 WS 2 , 13−16 WSe 2 , 17 and MoSe 2 17 have been successfully investigated as cost-effective potential substitution to the noble metal-based catalysts in acidic solutions. Although several chalcogenides have been studied for the HER in acidic media, little emphasis has been directed toward metal hydroxides and/ or oxides and/or in neutral media.
Hydrogen evolution in neutral electrolyte solutions is desirable for practical applications. Thus, 0.1 M acetate buffer solution (pH 4.5) and phosphate buffer solution (PBS, pH 7) have been used as electrolytes for hydrogen evolution by Andreiadis et al. 18 with a cobalt-based complex and Karunadasa et al. 19 with a molybdenum-oxo-complex, respectively. Helm et al. also demonstrated hydrogen production using nickel complexes in both aqueous and acidic electrolytes. 20 The synthesis of these metal complexes is not only complex but also involves multiple steps and several chemicals. However, the stability of these complexes for long-term uses is an issue. Therefore, it is of immense importance to explore suitable inorganic electrocatalysts for hydrogen generation in neutral media.
Here 25 The subsequent weight loss of 1.1% between 230 and 400°C is believed to be due to the final water decomposition in the crystallization of minor amorphous contents. 23 The TG analysis corroborates the XRD results on the complete phase transformation of WO 3 ·H 2 O to WO 3 under air at 400°C for 2 h (Figure 1) .
Morphology and Microstructure. The morphology and microstructure of the as-synthesized orthorhombic WO 3 ·H 2 O and monoclinic WO 3 were examined in detail using field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM), respectively. Figure 3a ,b shows the FESEM images of WO 3 ·H 2 O nanoplates at different magnifications synthesized by mixing WCl 6 in ethanol at room temperature. These nanoplates were found to be squareshaped, highly uniform, and stacked. The length/width of these nanoplates was measured to be 100 nm with a thickness <30 nm, measured from the magnified SEM image (shown as an inset in Figure 3b ). Figure 3c Figure 3d ) obtained from the WO 3 ·H 2 O nanoplate confirms its single crystalline nature. Although synthesis of WO 3 ·H 2 O nanoplates has been reported earlier, 21, 23, 24 they were of much larger sizes and synthesized at a higher temperature than the room temperature used in the present work. In particular, Huang et al. 23 synthesized rectangular slab-like WO 3 ·H 2 O of size 2−3 μm by taking Na 2 WO 4 and HCl at 70°C for 10 h and Kalantar-zadeh et al. 24 reported hydrated WO 3 platelets of 0.2−2 μm size obtained at 80°C for 6 h using 0.5 M HNO 3 . Recently, Guo et al. reported 
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Article orthorhombic WO 3 ·H 2 O nanoplates of size >200 nm by the hydrothermal method at 100°C for 10 h. 21 The formation of nanosized WO 3 ·H 2 O plates (∼100 nm) is thus attributed to the lower synthesis temperature (room temperature) employed in the present work. Figure 3e ,f shows the FESEM images of stacked WO 3 nanoplates at different magnifications obtained by annealing WO 3 ·H 2 O nanoplates at 400°C for 2 h under air. The annealing not only produced phase-pure WO 3 but also resulted in nanoplates to be separated in the stack as shown in Figure 3f . A TEM image of WO 3 nanoplates is shown in Figure  3g , which reveals the formation of gap between consecutive nanoplates (marked by arrows) and voids (marked by a circle) in the nanoplates. The formation of gaps and voids in WO 3 nanoplates is due to the annealing of WO 3 ·H 2 O nanoplates at a higher temperature (400°C). In WO 3 ·H 2 O, water molecules are present between layers of WO 6 octahedral units and the W−OH 2 bond is weak. 26, 27 Thus, water molecules in WO 3 · H 2 O nanoplates are evaporated upon annealing as confirmed from the mass loss ( 
Article positive current on Pt/C, WO 3 ·H 2 O, and WO 3 prior to onset potential of the HER (Figure 4a ) was found to disappear after CV cycles, which is believed to be due to oxidative surface cleaning and surface oxidation of hydroxide. Furthermore, the HER current density of WO 3 ·H 2 O was found to be significantly increased ( Figure S3a ) with repeated CV cycles toward the value of WO 3 nanoplates ( Figure S3b ), which is attributed to surface oxidation of WO 3 ·H 2 O to WO 3 (discussed later). A smaller increase in the HER current density for WO 3 nanoplates ( Figure S3b ) can be termed to surface cleaning during CV cycles and conversion of surface hydroxide to oxide. 17 Figure 4b shows the Tafel plots of the electrocatalysts from which a slope was measured. The Tafel slopes (and exchange current densities) were measured to be 43.9 mV dec −1 (6.1 mA cm 3 , and Pt/C, respectively, in the first cycle. The Tafel slope and exchange current density were, respectively, smaller and larger with WO 3 nanoplates than those of several other chalcogenides reported recently (Table S1 , Supporting Information) for the HER. After 4000 CV cycles, the Tafel slope was found to be further decreased while the exchange current density increased for WO 3 ·H 2 O ( Table 1 ). The estimated Tafel slopes suggested the Volmer−Tafel HER mechanism of these electrocatalysts. 32 The superior HER activity of W-based hydroxide and oxide to that of other recently studied materials (Table S1 , Supporting Information) makes it a potential candidate for hydrogen generation.
To understand the better HER performance of WO 3 than that of WO 3 ·H 2 O, the electrochemical active surface area (ECSA) was calculated from the electrochemical double layer capacitance measurement using eq 1.
where C dl is the electrochemical double layer capacitance and C s refers the specific electrochemical double layer capacitance of an atomically smooth surface (typically 15−50 μF cm −2 ). 34 In the present case, the value of C s is 30 μF cm −2 for all the electrodes in 0.5 M H 2 SO 4 electrolyte. C dl was calculated by measuring the CVs at different scan rates in the nonfaradaic region. Figure 5a, 3 nanoplates was calculated to compare their intrinsic catalytic performance by normalizing the HER current density to the specific surface area ( Figure S4 , Supporting Information) as per eq 2. 
where SA stands for specific activity (mA cm −2
), j refers to the current density (mA cm ). The SA values normalized to the specific surface area were calculated to be 2.58 and 5.38 in magnitude for WO 3 ·H 2 O and WO 3 nanoplates, respectively. This further confirms the higher HER performance of WO 3 nanoplates. The electrochemical impedance spectroscopy (EIS) study was carried out to understand the charge transfer behavior at the electrode/ electrolyte interface. Figure 5d shows the Nyquist plots of WO 3 ·H 2 O and WO 3 nanoplates before and after 4000 CV cycles at an applied potential of 0.06 V versus the RHE in 0.5 M H 2 SO 4 . All the EIS spectra show semicircles and straight lines in the high-frequency and low-frequency regions, respectively. The diameter of the semicircles infers to the charge-transfer resistance (R ct ) at the electrode−electrolyte interface. A smaller semicircle confirms superiority of the electrode because of a smaller R ct . The R ct values for WO 3 ·H 2 O and WO 3 nanoplates were measured to be 9.3 and 5.5 Ω, respectively, by fitting the experimental data with an equivalent circuit model shown as an inset in Figure 5d . As expected, the R ct value was decreased to 4.6 and 4.8 Ω for WO 3 ·H 2 O and WO 3 nanoplates, respectively, after 4000 cycle CV test. A smaller R ct further validates an increased current density with the electrocatalysts after the stability test.
The quantitative estimation of hydrogen evolution was finally performed with WO 3 nanoplates using a gas chromatograph. The hydrogen generation rate was found to increase and reach 20.4 mmol·cm −2 in 10 h ( Figure 6 ) with WO 3 nanoplates at −0.76 V versus the RHE in 0.5 M H 2 SO 4 . The repeated 4000 CV cycles ( Figure S3 , Supporting Information) and hydrogen generation for 10 h suggests the good stability of WO 3 ·H 2 O and WO 3 for the HER.
The HER investigation was further extended to a neutral medium using normal distilled water (pH 5.67). for WO 3 ) as shown in Figure S6 (Supporting Information) and Table 1 . Similar to the HER study in acidic electrolyte, a higher positive current was found with WO 3 ·H 2 O than with WO 3 nanoplates prior to the onset of HER (Figure 7a ), which is due to the oxidation of surface hydroxide. However, after repeated CV cycles, the positive current prior to the onset of the HER remained ( Figure S6 , Supporting Information), which suggests that further study is needed to understand this behavior. The chronoamperometry measurement further confirmed excellent stability of the electrocatalysts as studied for 20 h without a decrease in current (Figure 7c ). The quantitative hydrogen generation was also measured using gas chromatography and was found to be 550 μmol·cm −2 in 10 h with WO 3 nanoplates at −0.42 V versus the RHE (or −1.0 V vs SCE) in distilled water (Figure 7d) .
Surface Composition. Improvements in the HER performance of WO 3 ·H 2 O after repeated CV cycles is attributed to its surface modification to WO 3 . The change in the surface composition was confirmed by X-ray photoelectron spectroscopic (XPS) and Auger electron spectroscopic (AES) measurements. Figure 8 shows the W 4f and O 1s region XPS spectra of WO 3 ·H 2 O, WO 3 ·H 2 O after repeated CV cycles (in 0.5 M H 2 SO 4 ), and WO 3 . The W 4f binding energy positions are well-matched to the literature values. 38, 39 The two O 1s XPS peaks at ∼530.5 and ∼531.7 eV are assigned to oxide and surface hydroxide, respectively. 39 The W and O atomic compositions estimated using CasaXPS software are presented in Table 2 , which clearly indicate the change in the surface composition of WO 3 ·H 2 O to WO 3 after CV cycles. Figure S7 (Supporting Information) shows the AES spectra of WO 3 ·H 2 O, WO 3 ·H 2 O after CV cycles (in 0.5 M H 2 SO 4 ), and WO 3 . The surface composition (Table 2 ) measured by AES correlates the XPS results and confirmed the surface oxidation of WO 3 ·H 2 O Figure 6 . H 2 evolution measured by a gas chromatograph at −0.76 V vs the RHE using WO 3 nanoplates as the electrocatalyst and 0.5 M H 2 SO 4 as the electrolyte.
Article to WO 3 during electrochemical CV cycles. This signifies the important role of room temperature synthesized WO 3 ·H 2 O nanoplates for the HER. However, the XRD pattern (not shown) of WO 3 ·H 2 O after CV cycles showed no change in its phase, thus indicating the surface modification only.
DFT Study. The mechanism of hydrogen evolution was further investigated using periodic plane wave DFT calculations on the (200) plane of the P2 1 /n monocline phase of WO 3 nanoplates as per experimental observation and their thermodynamic stability 40 and compared with those of the well-established Pt(111) catalyst. 41 The protons adsorbed on the hcp site of Pt(111) with the Pt−H bond distance of 1.912, 1.886, and 1.872 Å whereas 0.98 Å atop WO 3 (200) . The reaction coordinates for proton adsorption followed by its recombination (H + e − → H* → 1/2H 2 ) have been reported to be the indicator of HER catalyst activity. 42 Therefore, energy landscapes indicating the above reactions were developed as shown in Figure 9 . The adsorption energy of proton on 
Article Pt(111) was calculated to be −2.52 eV matching the values calculated by Nobuhara et al. 43 Moreover, the proton adsorption energy on WO 3 (200) was found to be −1.8 eV, which was lower than that of Pt, establishing the reason behind the superior HER performance of WO 3 as experimentally observed.
■ CONCLUSIONS
The present work spotlights the importance of hydroxide and oxide for the water-splitting reaction and generation of hydrogen. The inherent stability of oxides makes them highly suitable and efficient materials for the water-splitting reaction. The superior HER performance of WO 3 ·H 2 O and WO 3 was affirmed through high hydrogen evolution current densities and smaller Tafel slopes as demonstrated here. These catalysts also exhibited excellent durability in acidic and neutral electrolytes. The synthesis of WO 3 ·H 2 O at room temperature and its surface evolution to WO 3 during repeated electrochemical CV cycles were evidenced from surface characterization and electrochemical performances. In addition, the high hydrogen generation rate in acidic (20.4 mmol·cm −2 ) and neutral (550 μmol·cm −2 ) electrolytes as measured quantitatively demonstrated potential of these electrocatalysts for hydrogen generation through water splitting.
■ EXPERIMENTAL DETAILS
Chemicals. Tungsten (VI) chloride (WCl 6 ), platinum on carbon (Pt/C) (Sigma-Aldrich, USA), and ethanol (C 2 H 5 OH) and H 2 SO 4 (Merck, India) were used for synthesis and activity tests. All chemicals were of analytical grade and used without further purification. Electrochemical Study. The HER activity of the assynthesized catalysts was studied using a BioLogic SP-150 potentiostat with Pt-foil as the counter electrode, SCE as the reference electrode, and a GCE coated with the catalyst as the working electrode. Prior to loading the catalyst, the GCE was cleaned by polishing with alumina powder and sonicating in distilled water and ethanol. A slurry was prepared by sonicating the catalyst powder (WO 3 ·H 2 O or WO 3 nanoplates) in a mixture of distilled water (10 mg mL
) and one drop of diluted polytetrafluoroethylene (PTFE) (10 μL of 1% PTFE dispersion) for 30 min. Then, 50 μL of slurry was coated on the GCE by drop-cast and dried under vacuum overnight. The electrochemical measurements such as LSV and CV were carried out with a three-electrode system in 0.5 M H 2 SO 4 electrolyte at a scan rate of 1−100 mV s −1
. The HER study was also performed in a neutral electrolyte using distilled water (pH 5.67). The electrode potential was calibrated with respect to the RHE by using the equation, E(RHE) = E(SCE) + 0.241 + 0.0591 pH. Stabilities of the as-synthesized electrocatalysts were measured by chronoamperometry for 20 h at a selected applied potential. The hydrogen generation rate was measured using a gas chromatograph (7890B, Agilent Technologies) both in acidic (0.5 M H 2 SO 4 ) and neutral electrolytes (distilled water, pH 5.67) at −0.36 V and −0.42 V versus the RHE, respectively.
DFT Calculations. The HER mechanism was analyzed using DFT calculations on the (200) plane of P2 1 /n monoclinic WO 3 following the experimental observation. DFT calculations were implemented with a Quantum ESPRESSO package. 44 For optimization, a 2 × 2 surface unit cell was used with three layers while freezing bottom two layers. To avoid the interaction of the adsorbate and periodic image of the slab, a vacuum of 10 Å was incorporated. Plane wave self-consistent field calculations were carried out with the Perdew−Burke−Ernzerhof exchange−correlation functional, 42 and ultrasoft pseudopotentials were used. For the wave functions (and charge densities), a kinetic energy cutoff of 37 Ry (370 Ry) was used. The convergence threshold of 1 × 10 −6 arb units and 2 × 2 × 1 kmesh were used for energy and Brillouin zone sampling, respectively. DFT analysis was also done with a stable (111) plane of Pt within a Pt 2 × 2 super cell. A comparative energy landscape for the reaction H + + e − → H* was developed for the synthesized catalyst and the established Pt catalyst to corroborate the difference in their activities. 
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